Commercial fishing is one of the least safe occupations. Fishing vessel accident probability and vessel trip probability for fishing areas off the northeastern United States were modeled using logit regression and daily data from 1981 to 2000. Fishing vessel accident probability declined over the study period. Higher wind speeds are associated with greater accident probability. Medium size vessels had the highest accident probability before 1994. Within the study region, accident probability was lower in Southern New England and Mid-Atlantic waters than on Georges Bank and in the Gulf of Maine. Accidents are more likely to occur closer to shore than offshore. Accident probability is lower in spring and fall. Changes in fishery management in 1994 have not lead to a general increase in either accident or vessel trip probability. Although higher economic payoff (i.e., revenue of landings) induces more vessels to go fishing, this is not associated with an increase in accidents. The probability models are important building blocks in development and quantitative assessment of management mechanisms related to safety in the commercial fishing industry.
Introduction
Commercial fishing is one of the least safe occupations. In 1996, the US commercial fishing fatality rate was 16 deaths per 10,000 workers, a rate 16 times higher than that for fire and police protective service occupations (US Coast Guard, 1999) .
Between 1984 and 1998, 2,074 US commercial fishing vessel accidents resulted in total loss of the vessel (US Coast Guard, 1999) . The annual property, injury, and other costs of US commercial fishing vessel accidents are estimated to be over $240 million, more than three times the comparable cost of tanker accidents (ICF Kaiser Consulting Group et al., 1997) . Research on commercial fishing vessel safety is sparse. The most comprehensive study to date was conducted by the National Research Council (1991) which recommended a fishing vessel inspection program. Fishermen's perceptions of safety and safety regulations have been investigated by Poggie, Pollnac and Jones (1995) , Poggie, Pollnac and Van Dusen (1996) , and Kaplan and Kite-Powell (2000) . Van Noy (1995) concluded that safety would improve if fishermen were involved in establishing and evaluating safety standards. Decker (1995) suggested that fishery management practices have contributed to highly competitive commercial fishing practices (i.e., race to fish) which risk the safety of both vessel and crew. A study by the US Coast Guard (1999) found that US commercial fishing vessel standards were lower than those for other domestic commercial vessels and lower than international standards for fishing vessels. Common factors in recent commercial fishing vessel accidents include: poor condition of vessel or equipment, inadequate emergency response training, inadequate training in the use of survival gear, and lack of attention to vessel stability issues.
Although the effects of fisheries management regimes on fishing vessel safety have been discussed in general terms (Dyer, 2000) , these effects have not been analyzed quantitatively. Time series statistics of the number of fishing vessel accidents present a useful measure of safety performance. However, accident records alone cannot determine whether the accident rate has increased or decreased as the number of accidents is also affected by the number of fishing vessels and the number of trips per vessel. Thus, accident probability needs to be examined. The probability of a vessel-accident related injury or total vessel loss depends on (a) the likelihood of the occurrence of a vessel accident (event probability) and (b) the severity of the event given that it has occurred (severity conditional probability). Jin, Kite-Powell and Talley (2001) investigated accident severity by examining determinants of vessel total losses and number of fatal and non-fatal crew injuries resulting from commercial fishing vessel accidents. They found that the probability of a total loss is highest for a capsizing, followed by a sinking accident. Fire/explosions and capsizings are expected to incur the greatest number of crew fatalities (i.e., 3.5 and 3.8 for every 100 such accidents). For every 100 collisions, 2.1 non-fatal crew injuries are expected.
Since the severity of a vessel accident is conditioned upon its occurrence, a clear understanding of the event probability is paramount. Jin et al. (2002) developed a fishing vessel accident probability model for fishing areas off the northeastern United States using logit regression and daily data from 1981 to 1993. Their results indicated that fishing vessel accident probability declined over the 13-year study period. Higher wind speed was associated with greater accident probability. Medium size vessels had the highest accident probability, while small vessels had the lowest accident probability.
Within the study region, accident probability was lower in the southwestern section than in the northeastern section. Accidents were likely to occur closer to shore than offshore with lowest accident probability in the spring. 1 First, the time series is extended forward to 2000. Next, the impact of relevant economic factors (e.g., revenue) and regulatory effects 2 on accident probability 1 We focus on vessel accident event probability for a specified class of accidents that result in either a loss or significant damage to the vessel. Events such as crew injuries are not included in the study.
2 Changes in management include both access and effort controls to address overfishing of groundfish and is examined. As in the 2002 study, the study region is the offshore waters of the Fogarty and Murawski (1998) .
The remainder of this paper is organized as follows. Section 2 presents the methodology used to develop the probability model and estimates. Section 3 describes the data sources and compilation processes. Estimation results of the vessel accident model are presented in Section 4. Section 5 presents further examination of our economic variable by estimating a model of probability to go fishing. Section 6 presents the conclusions.
Methods
In this section, a description is provided of a probability model of fishing vessel accidents. In the model, the probability of a vessel being involved in an accident is a function of factors such as weather and vessel size. In this case, the phenomenon modeled is discrete rather than continuous. Suppose that for each vessel i fishing in a Consider a set of factors x that explains the binary outcome Y i , so that
where β is a set of parameters reflecting the impact of a change in x on the probability p i .
For example, among the factors of interest is the marginal effect of wind speed on the probability of an accident. From (1), Prob( F(β'x) , and the probability model
A simple way of representing the dependence of probability p i on explanatory variables x so that the above constraint (2) is satisfied is to choose the logistic cumulative distribution function Λ 3 for F(•):
For simplicity in data organization, the individual vessel-level binary data may be grouped by covariate classes 4 (e.g., fishing area and vessel size), so that they constitute count data such as the number of accidents in an area and the number of vessels in the same area. For each fishing area j, tonnage class k, at time t, let y jkt be the number of vessels involved in accidents, n jkt the number of vessels, and p i the accident probability.
y jkt follows a binomial distribution, Bi(y jkt ; n jkt , p i ). The accident rate is y jkt / n jkt . Since E(y jkt ) = n jkt p i , E(y jkt / n jkt ) = p i . Again, p i can be modeled as a logistic cumulative distribution function Λ(β'x) with x being a vector of explanatory variables and β the vector of coefficients (see Equation (3)).
In the analyses of vessel accident probability (p i ), the explanatory variables included weather condition, vessel size, fishing location characteristics, season, revenues, and a time trend to capture unmeasured effects that may be correlated with time. In the empirical analysis, the weather condition was represented by daily maximum wind speed.
Thus, the relationship was expected to be positive: higher wind speeds are associated with greater accident probability. The expected signs of other variables were unclear.
Background and Data
The Northeastern United States fleet that is permitted to fish in the U.S. EEZ
consists of approximately 3,000 active vessels ranging in size from 16 to 165 feet in overall length. Primary gears used by these vessels include trawl, gillnet, longline, traps, and dredges where trawl gear is the dominant gear used in most fisheries. Notable exceptions include the scallop (dredge) and American lobster (trap) fisheries. With few exceptions, regional fisheries target finfish and shellfish to supply a fresh fish market.
For this reason, there is little on-board processing, and many trips tend to be of relatively short duration (3 to 5 days) although larger vessels may take longer trips (5 to 10 days) and trip duration for smaller vessels may be less than 24 hours. Major fisheries that are prosecuted in the region include American lobster, scallops, mixed groundfish, monkfish, squids, herring, scup, black sea bass, swordfish, and tunas.
For the study, a database was developed of daily vessel count (n jkt ) and accident count (y jkt ) by fishing area (j) and by vessel tonnage class (k), as well as for the set of explanatory variables. The daily data covered the period from January 1, 1981 to December 31, 2000.
Fishing Vessel Activity
The fishing vessel count was derived from the Commercial Fisheries Database System maintained at the National Marine Fisheries Service (NMFS) Northeast Fisheries Science Center. The NMFS data describe each fishing trip with variables such as the date the fishing trip ended, days at sea, fishing area, and vessel tonnage. These variables were used to construct a daily vessel count by fishing area and tonnage class. 5 Although other variables, such as the condition of the vessel and time spent at sea prior to an accident, could be useful in modeling accident probability, these variables were not available.
The NMFS data include trip records from all major fishing states in the northeastern United States: Maine, New Hampshire, Massachusetts, Rhode Island, New
Jersey, Maryland, and Virginia. 6 Thus, the resulting fishing activity counts represent most, if not all, vessels in the Northeast region. The study includes NMFS Statistical
Fishing Areas 511 to 639 (Maine to North Carolina, see Figure 1 ).
In the project database, vessels were grouped into six tonnage classes: 
Fishing Vessel Accidents
The number of vessels involved in accidents by date, area and tonnage were constructed from Coast Guard data. Only US flagged fishing vessels were included in the database. 
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For this study, we included 10 types of accidents in our database: allision, capsize, collision, equipment failure, explosion, fire, flooding, grounding, missing, and sinking.
The number of accidents in each fishing area was constructed using the coordinates in the accident database, a digital map of the fishing areas from NMFS, and GIS software.
Weather and Spatial Information
Hourly wind speed recorded from offshore buoys and nearshore weather stations were obtained from NOAA's National Ocean Service. Daily maximum wind speeds from each recording station, and wind speeds were mapped to fishing areas by assigning each area to the nearest weather recording station.
The spatial feature of accident probability (distance from shore) is the distance from the center of gravity (the geographic point that minimizes the distance to the perimeter) of each fishing area to the nearest coast. This was calculated using GIS software and the NMFS digital map of fishing areas.
Economic Variable
The economic variable was constructed as the total revenue of fish landings (in 2000 US dollars) by year, month, day, area, and ton class. Purchases from commercial fishing vessels by seafood dealers are reported to the NMFS. These data include a vessel and trip identifier, landed weight and value by species, the port of landings, the date of landings, and prior to 1994, the statistical area where the fish were caught. Due to a change in reporting system implemented in mid-1994, statistical area is no longer reported by dealers and is instead reported on a vessel trip report (VTR) submitted by vessel captains upon completion of a fishing trip. The VTR contains much the same information as that contained in dealer reports except neither price nor value data is reported. Thus, revenue data from 1994-onward was constructed by using the daily prices by species on the dealer reports multiplied by the landings from the VTR records.
Note that these data are reported upon completion of a trip which means that there is a slight mismatch in terms of timing between the vessel accident and the revenue data.
That is, daily counts of vessels and accidents are based on vessels that are in the act of fishing or steaming to and from fishing grounds whereas revenue data are obtained only upon completion of a trip. This difference is not likely to be a significant issue as most trips are less than 10 days in duration with many, much shorter trips. As such, revenue may be thought as reflecting both an expectation for returns for observed fishing trips and seasonal differences in prices which may play a role in trip taking decisions.
Combined Data
The NMFS daily fishing vessel activity data and Coast Guard fishing vessel accident data were used to calculate the accident rate as accidents per fishing day. The annual daily accident rate from 1981 to 2000 is shown in the last column of Table 1 .
Also, the total number of accidents and total number of vessel-days 11 for each year across the entire study area are presented in Table 1 . These data suggest a decreasing trend in accidents and an increasing trend in vessel-days during the study period. Thus, the daily accident rate declined from about two accidents per 1,000 fishing-days in 1981 to about one accident in 3,000 fishing-days during 1998-2000.
After 1994 the number of vessel days has been considerably higher than during the 1981-1994 period, leading to a sharp drop in accident rate. The rise in vessel-days is due to an increase in vessel count resulting from mandatory vessel reporting implemented in mid-1994. In 1994, collection of commercial fisheries data was changed from a voluntary to a mandatory program. 12 Prior to this, vessels less than 5 gross tons were not uniquely identified. Thus, pre-1994 data sets undercount the number of small vessels operating in the Northeast region. in the model estimations. 13 As in Table 1 , Figure 2 shows a decreasing trend in accident rate in the study period. The figure also illustrates seasonal changes in vessel accident rate.
The specific measurements and descriptive statistics (i.e., mean, standard deviation, minimum and maximum value) of variables used in the vessel accident model 12 Overfishing throughout the 80's and early 90's created the need for changes in management from open access to limited access and from a regime dominated by indirect effort controls to direct effort controls using output quotas for some fisheries and limits on days-at-sea for others. As part of these management changes, in 1994 data collection systems in the region were converted from voluntary to mandatory reporting to improve fishery monitoring. Subsequent changes in regional fisheries were driven by the management changes and not by the change in data collection.
13 Post 1994 vessel count was adjusted by multiplying a factor of 0.67, which is calculated as the 6-year average vessel count from 1988-1993 divided by the average vessel count from 1995 to 2000. The adjustment is necessary since the NMFS mandatory vessel reporting program affected only the vessel count. In contrast, the Coast Guard vessel accident reporting was consistent throughout the study period.
estimations are provided in Table 2 . Averaging across statistical areas, daily accident and vessel counts are 0.007 and 8.94, respectively. The average maximum daily wind speed over the study period was 9.96 meters per second, and the average distance to shore for all fishing areas was 87.85 kilometers. The size of the fishing areas across the entire study region varied from 11 to 144 ten-minute squares. The average total daily revenue of fish landings by fishing area and by ton class was $34,637.
14 Dummy variables were used to capture the effects of vessel size and season. In addition, two dummy variables were used to capture the spatial variation. The first dummy variable was set to 1 if the fishing area was in the Gulf of Maine (NMFS statistical areas with codes 511, 512, 513, 514, and 515, see Figure 1 ) and 0 if the fishing area was in any other area. Similarly, the second dummy variable was set to 1 if the fishing area was on Georges Bank (NMFS statistical areas with codes 521, 522, 525, 526, 551, 552, 561, and 562) and 0 otherwise.
Results
The accident probability model described was applied using the fishing vessel accident database and the logistic regression procedure available within the SAS statistical software package (SAS, 1990) . We developed three separate model runs. The model was first applied to the data for the entire study period (Model I: 1981 (Model I: -2000 , and then to examine the impact of regulatory changes after 1994, re-applied the model using pre-1994 data (Model II: 1981 -1993 ) and post-1994 data (Model III: 1995 -2000 , respectively.
15 Table 3 presents logit regression estimates of fishing vessel accident probability for the various model applications. The results indicate that the models fit the data well.
For example, for Model I (1981 Model I ( -2000 the likelihood ratio statistic is 625.11, well above the 29.14 critical value for significance at the 0.01 level for 14 degrees of freedom. As expected, the sign for the maximum wind speed coefficient is positive. Most variables are highly significant with p-values less than or equal to 0.01.
The results of Model I suggest that an increase in wind speed is associated with an increase in accident probability. Accident probability varies among different vessel size groups. Compared with the largest vessels (tonnage classes 4-6, >150 tons), medium size vessels` (ton class 3) have a higher accident probability.
The coefficients for the two spatial dummy variables reveal that accidents are more likely on Georges Bank and in the Gulf of Maine than in the southern areas of the study region. Also, accidents are more likely to occur closer to shore. This may be a reflection of the hazards of navigation in shallow waters or due to crew fatigue or overloading as vessels return from trips further from shore. The last spatial variable implies that the probability of having an accident is higher in large fishing areas than small fishing areas. The coefficients of two seasonal dummy variables are statistically significant, suggesting that accident probability is lower in spring and fall than in winter or summer. The dummy variable capturing management changes after 1994 is negative and statistically insignificant. The coefficient for time trend is negative and its magnitude indicates that the accident probability declined from 1981 to 2000, a result consistent with the descriptive statistics in Table 1 and Figure 2 .
The economic variable (i.e., value of landings) is negative and statistically significant, suggesting that higher economic return is associated with lower accident probability. The result is consistent with the Jin, Kite-Powell and Talley (2001) findings that the probability of a vessel total loss and the expected number of crew fatalities both vary inversely with the price of fish. One explanation for this is that with higher revenue there is greater incentive to reduce vessel damage, so that the vessel remains seaworthy to fish for higher-valued catches. In addition, higher economic returns are likely to result in greater funds available for repair and maintenance of fishing vessels. 16 Also, a financially sound vessel may be able to afford to not take a trip in inclement weather. Nevertheless, one might also expect greater economic incentive leads to increased trips and higher accident probability. This will be examined further in the next section.
The model for the pre-1994 period (i.e., Model II in Table 3) Model III, fall is the only statistically significant seasonal dummy.
In summary, fishing vessel accident probability is primarily influenced by physical factors such as weather, season, and location. Higher wind speed, winter season, and fishing in the Gulf of Maine are major determinates of a higher accident probability, as shown in all three models. The statistically significant time trend variable (i.e., year)
indicates that vessel accident probability has been declining. In general, there does not appear to be any significant management effects on vessels accident probability for the Northeast region as a whole. However, the higher accident rates in the Gulf of Maine in the 1995-2000 time period may be related to management changes although no specific measure is implicated.
Although the sign of an estimated logit coefficient suggests either an increase or decrease in accident risk, the coefficient itself does not measure the correct marginal probability effect for non-zero observations of the dependent variable. Estimates of correct marginal probability effects can be derived utilizing the estimated coefficients and the following equation (see Equation (3); Greene, 1997) :
The marginal effects based on Model I results are listed in the last column of Table 3 .
Among categorical (or dummy) variables, a vessel fishing on Georges Bank or in the Gulf of Maine has an increased accident probability of 0.080/1000 and 0.057/1000,
respectively. An increase in wind speed by one meter/second was associated with an increase in accident probability by 0.004/1000. The marginal effect of the time trend variable suggests that accident probability declined on average by 0.005/1000 each year from 1981 to 2000.
Further Analysis
Fishermen's decision on whether or not to go fishing is influenced by economic incentives. In this section, we examine the effect of the economic variable on the probability to take a fishing trip.
To analyze trip decisions, the logit model described in section 2 was again used.
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Although the theoretical model is the same, the dependent variable was changed. In this case, the probability of going fishing was modeled as the ratio of daily vessel count to the monthly maximum vessel count, by fishing area and vessel size. The monthly maximum vessel count may be viewed as a measure of the "fleet" or the total number of vessels that are potentially capable to go fishing in a specific area on a particular day. The daily vessel count is the actual number of vessels fishing in that location on that day.
Logically, more vessels would be expected to go fishing (i.e., the ratio is higher) under more favorable conditions, ceteris paribus.
The specific measurements and descriptive statistics of variables used in the vessel trip probability model estimations are listed in Table 4 . Averaging across statistical areas, estimates of daily vessel count and fleet size were 7.813 and 14.182, respectively. The same set of independent variables was used in the vessel trip model as in the vessel accident model (see Table 2 ), except that the value of fish landings per unit fishing area (i.e., ten-minute square) was used. As the size of statistical areas vary, expressing revenue on a unit area basis normalized revenue as an attractor of effort to better reflect the expected returns from a give location choice. The average unit daily revenue of fish landings by fish area and by ton class is $879.2. The descriptive statistics for other variables are similar to those in Table 2 . The slight discrepancies between the values in Tables 2 and 4 are due to different data processing procedures for the two different models. 18 The average monthly vessel trip rate had a slightly growing trend from 1981 to 1994, but has been declining since 1995 (Figure 3 ). There is a strong seasonal pattern throughout the time series. As previously noted, vessels counts have been higher after mid-1994.
As in the case of vessel accident analysis, the logit model was applied in the vessel trip analysis for the three different time periods (Models I, II, and III in Table 5 ).
The results from the three time periods are highly significant, (as shown by the statistical results of individual explanatory variables and by the likelihood ratio test results in the bottom row in Table 5 ). The economic variable is positive and statistically significant indicating that fishermen are indeed more likely to go out and fish if expected revenues are higher. The Model I marginal effects (i.e. last column of Table 5 ) reveal that a $1,000 growth in the fishing revenue per ten-minute square leads to an increase in the trip probability by 43.71/1000. As expected, the weather variable (i.e., wind speed) is negative and statistically significant indicating that vessels are less likely to undertake a fishing trip when wind speeds increase.
Large vessels (i.e., tonnage classes 4 and above) are more likely to go fishing than smaller vessels. Compared with other fishing areas (i.e., the southern section of the study region), fishing trips are more likely to be made to the Gulf of Maine areas and less likely to Georges Bank. As noted previously, management changes in the post-1994 time period may have made the Gulf of Maine a relatively more attractive fishing location.
The time-trend dummies for Model II (1981 II ( -1993 and Model III (1995 -2000 are positive and negative, respectively, reflecting the trends in Figure 3 . In Model I, the dummy denoting post-1994 years is statistically significant and negative, indicating that the probability of taking a fishing trip has declined since 1994. The coefficients of the seasonal dummies reveal that, as expected, vessels are most likely to fish in the summer and least likely to fish in the winter.
The vessel trip model results suggest that the value of fish landings is a good economic variable predicting fishing trip decisions. This supports the vessel accident model results regarding economic return. The combined results from both models imply that although economic payoffs induce more vessels to go fishing, the increase in fishing trips does not lead to proportional increases in fishing accidents. Thus, a negative relationship exists between economic return and accident probability in some cases (see Models I and II in Table 3 ).
Conclusion
Commercial fishing is one of the least safe occupations. Determinants of the probability of a fishing vessel accident may be used to improve both fishing vessel safety and fisheries regulations. However, quantitative analyses of long-term fishing vessel accident probabilities have been limited by lack of data.
This study extends Jin et al. (2002) study and investigates both fishing vessel accident probability and vessel trip probability for the northeastern United States using logit regression and daily data from 1981 to 2000. The results indicate that accident probability is affected by weather conditions, vessel locations, time of year, and vessel characteristics. Changes in fishery management in 1994 have not resulted in a general increase in accident probability but may have contributed to a higher accident rate in the Gulf of Maine over the 1994-2000 study period. Although higher economic returns induces more vessels to go fishing, this is not associated with an increase in accidents.
The vessel accident and vessel trip probability models presented herein are important building blocks in the development and assessment of management options related to fishing vessel safety. The vessel accident probability model developed in our study describes the relationship between the expected accident rate and a set of variables important in the design and assessment of fisheries management regulations. Spatial variables (e.g., location and distance to shore) are useful for management decisions related to fishing area closures and zoning. Similarly, seasonal and weather variables provide important information for the timing of fishing regulations. These variables may be used by the Coast Guard to improve allocation of search and rescue and response capabilities.
The management approach historically applied in many U.S. fisheries has contributed to overcapacity, excessive harvesting of fish stocks, and an environment in which fishermen may find it difficult to operate at high levels of safety. 19 To improve safety in the commercial fishing industry, management measures must address fishing vessel safety regulation and enforcement, 20 as well as resource conservation. Some considerations that may improve safety at sea include involving the harvesting sector at early stages of the management plan development process, giving more flexibility to boats in bad weather during limited fishing periods, revising crew size limits to reduce fatigue, and considering alternative forms of rights-based management. 19 The economic inefficiency of this situation has been documented by Edwards and Murawski, 1993; and Repetto, 2001. 20 Such as safety regulations for stability (to prevent capsizing) and watertight integrity (to prevent flooding/sinking). a. Dummy variables were not introduced for the largest vessels (tonnage classes 4-6). Thus, Ton class 1 captures the effect on accident probability of small vessels relative to large vessels. Similarly, Ton class 2 and Ton class 3 capture the effect of medium size vessels. *, ** and *** against the reported coefficients denote significance at 10, 5, 1% significance level, respectively. § Marginal change in accident probability with respect to change in each independent variable based on Model I results and calculated using Equation (4). Table 2 ) divided by the number of 10-minute squares in a NMFS Statistical Fishing Area (see Figure 1 ). *, ** and *** against the reported coefficients denote significance at 10, 5, 1% level, respectively. § Marginal change in accident probability with respect to change in each independent variable, based on Model I results and calculated using Equation (4). 5 1981 1981 1982 1983 1984 1985 1986 1986 1987 1988 1989 1990 1991 1991 1992 1993 1994 1995 1996 1996 1997 1998 1999 6 1981 1981 1982 1983 1983 1984 1985 1985 1986 1987 1987 1988 1989 1989 1990 1991 1991 1992 1993 1993 1994 1995 1995 1996 1997 1997 1998 1999 1999 2000 Year Monthly Average Rate
